NASA /TM—2003-212326

‘L|‘:4> YA

%

Derivation of the Data Reduction Equations
for the Calibration of the Six-Component
Thrust Stand in the CE-22 Advanced
Nozzle Test Facility

Kin C. Wong
Glenn Research Center, Cleveland, Ohio

April 2003



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA'’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

e CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following;:

e Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

e Fax your question to the NASA Access
Help Desk at 301-621-0134

e Telephone the NASA Access Help Desk at
301-621-0390

e Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA /TM—2003-212326

‘L|‘:4> YA

%

Derivation of the Data Reduction Equations
for the Calibration of the Six-Component
Thrust Stand in the CE-22 Advanced
Nozzle Test Facility

Kin C. Wong
Glenn Research Center, Cleveland, Ohio

National Aeronautics and
Space Administration

Glenn Research Center

April 2003



The Propulsion and Power Program at
NASA Glenn Research Center sponsored this work.

Available from

NASA Center for Aerospace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076 Springfield, VA 22100

Available electronically at http://gltrs.grc.nasa.gov


http://gltrs.grc.nasa.gov

Derivation of the Data Reduction Equations for the Calibration
of the Six-Component Thrust Stand in the CE-22 Advanced
Nozzle Test Facility

Kin C. Wong
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

SUMMARY

This paper documents the derivation of the data reduction equations for the calibration of
the six-component thrust stand located in the CE-22 Advanced Nozzle Test Facility. The
purpose of the calibration is to determine the first-order interactions between the axial,
lateral, and vertical load cells (second-order interactions are assumed to be negligible).

In an ideal system, the measurements made by the thrust stand along the three coordinate
axes should be independent. For example, when a test article applies an axial force on the
thrust stand, the axial load cells should measure the full magnitude of the force, while the
off-axis load cells (lateral and vertical) should read zero. Likewise, if a lateral force is
applied, the lateral load cells should measure the entire force, while the axial and vertical
load cells should read zero. However, in real-world systems, there may be interactions
between the load cells. Through proper design of the thrust stand, these interactions can
be minimized, but are hard to eliminate entirely. Therefore, the purpose of the thrust
stand calibration is to account for these interactions, so that necessary corrections can be
made during testing. These corrections can be expressed in the form of an interaction
matrix, and this paper shows the derivation of the equations used to obtain the
coefficients in this matrix.

SYMBOLS

CX1 Aft-left axial calibration load cell
cx2 Aft-right axial calibration load cell

CYl Forward-right lateral calibration load cell
CcY2 Aft-right lateral calibration load cell

CczZ1 Forward-left vertical calibration load cell
cz22 Forward-right vertical calibration load cell
CZ3 Aft-left vertical calibration load cell

CzZ4 Aft-right vertical calibration load cell
RX1 Aft-left axial reaction load cell

RX2 Aft-right axial reaction load cell

RY1 Forward-left lateral reaction load cell
RY2 Aft-left lateral reaction load cell

RZ1 Forward-left vertical reaction load cell
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RZ2 Forward-right vertical reaction load cell

RZ3 Aft-left vertical reaction load cell

RZ4 Aft-right vertical reaction load cell

FX Axial force, or force in the x-direction

FY Lateral force, or force in the y-direction

Fz Vertical force, or force in the z-direction

MX Rolling moment, or moment about the x-axis

MY Pitching moment, or moment about the y-axis

MZ Yawing moment, or moment about the z-axis

[Fax] The 5x1 force matrix that contains the rolling moment component

[Famy] The 5x1 force matrix that contains the pitching moment component

[R] The 5x1 reaction load cell matrix that contains the rolling moment
component

[0] The 5x1 reaction load cell matrix that contains the pitching moment
component

[S] The 5x5 interaction matrix that contains the coefficients for the rolling
moment calculation

[U] The 5x5 interaction matrix that contains the coefficients for the pitching
moment calculation

Sjj The coefficients in the matrix [S]

ujj The coefficients in the matrix [U]

oy The coefficients in the matrix [S]"

o The coefficients in the matrix [U]

Lp Forward moment arm for the pitching moment (distance from centroid to

the CZ1 and CZ2 load cells)

Lp, Aft moment arm for the pitching moment (distance from centroid to the
CZ3 and CZ4 load cells)

Ly Moment arm for the yawing moment (distance from centroid to the CY1
and CY?2 load cells)

Lg Moment arm for the rolling moment (distance from centroid to the CZ1

and CZ3 load cells, and to the CZ2 and CZ4 load cells)

THE CE-22 NOZZLE TEST FACILITY

The CE-22 Advanced Nozzle Test Facility is located in the Engine Research Building
(ERB) at the NASA Glenn Research Center. A schematic of the CE-22 Test Facility is
shown in figure 1. The test section consists of a 23-ft long by 7-'4-foot-inside-diameter
vacuum tank. The upstream section is fixed while the downstream section slides open on
rails, allowing for easy access to the test model. An inflatable rubber seal is used to
prevent leakage when the two halves are closed for testing.

The inlet air and exhaust is supplied by compressors and exhausters operated by Central
Process Systems (CPS). The primary air system can supply inlet air at a pressure of

40 psig with a maximum flow rate of 40 Ibm/sec. There are also provisions for two one-
inch secondary supply lines that enter through the top of the test tank. The secondary air
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Figure 1.—The NASA Glenn Research Center Nozzle Test Facility (CE-22).

can be supplied at 40, 150, or 450 psig with maximum flow rates of 21, 2, and
10 Ibm/sec, respectively. The exhaust system can pull a vacuum down to approximately
1.9 psia to simulate altitude conditions at 48,000 feet.

The CE-22 Test Facility also has a six-component thrust stand, which allows for
simultaneous force and moment measurements along the three coordinate axes. The
thrust stand and the altitude capability make the CE-22 Test Facility a unique asset to
NASA. The facility is ideally suited for testing sub-scale advanced aircraft nozzle
concepts which employ thrust vectoring. For further details about the CE-22 Test
Facility, refer to references (1) and (2).

THE SIX-COMPONENT THRUST STAND

The installation of the thrust stand is shown in figure 2. The thrust stand is comprised of
two major parts: the ground frame and the live frame. The ground frame is bolted to the
floor of the test tank and the live frame is in turn attached to the ground frame through the
8 reaction load cells. The inlet piping and the experimental model are mounted to the live
frame. Thus, forces produced by the experimental model cause a displacement of the live
frame relative to the ground frame. This displacement, on the order of thousandths of an
inch, is converted to a voltage by each of the 8§ reaction load cells. This voltage is then
converted to a force reading by the data acquisition system. The interaction matrix is then
applied by the data acquisition program to correct the individual force readings to take
into account the interactions between the load cells.
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Figure 2.—The six component thrust stand.

There are three other items concerning the operation of the thrust stand that need
mentioning: (1) There is a metric break that is located in the inlet air supply line just
upstream of the thrust stand. The metric break is a physical break in the piping that
isolates the experimental model and the part of the piping attached to the live frame of the
thrust stand from the rest of the upstream air supply line. This break in the air supply line
is enclosed by a labyrinth seal to minimize leakage; (2) The live frame of the thrust stand
is actually comprised of two parts joined together by an elastic hinge. The purpose of this
elastic hinge is to minimize the interaction between the axial and the lateral components.
Because of the elastic hinge, off-center axial forces will not produce a yawing moment. A
yawing moment can only be produced by offset lateral forces; and (3) the weight of the
live frame, the piping, and the experimental model are zeroed out before the start of each
test run.

Figure 3 shows a schematic of the thrust stand. The sign convention used is as follows.
The axial direction, or x-axis, is positive in the upstream direction. The lateral direction,
or y-axis, is positive on the right hand side, aft-looking-forward. And the vertical
direction, or z-axis, is positive in the downward direction. The terms used for the forces
and moments are summarized in Table I.

NASA/TM—2003-212326 4



Air flow

@ _~—Live frame
/
)

7/
Ground frame —

(model interface
station)

CD-03-82285

Figure 3.—Schematic of the thrust stand showing location of load cells.

Table I: Symbols and Terms Used for Forces and Moments.

Symbeol | Force or Moment
FX Axial force, or force in the x-direction
FY Lateral force, or force in the y-direction
FZ Vertical force, or force in the z-direction
MX Rolling moment, or moment about the x-axis
MY Pitching moment, or moment about the y-axis
MZ Yawing moment, or moment about the z-axis
LOAD CELL DESCRIPTION

As previously mentioned, there are 8 reaction load cells that measure forces by detecting
the displacement of the live frame relative to the ground frame. In addition, there are 8
calibration load cells mounted in-line with the 8 reaction load cells. These calibration
load cells are used to measure the applied load on the thrust stand during calibration.

The calibration load cells are designated by a C (e.g., CX1, CY1, etc.) and the reaction

load cells with an R (e.g., RX1, RY1, etc). The positions of the 8§ reaction load cells are
summarized in Table II, and their exact locations relative to the centroid are shown in
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Table I1: Load Cell Locations.

Load Cell Location
RX1 Aft-Left
RX?2 Aft-Right
RY1 Forward-Left
RY?2 Aft-Left
RZ1 Forward-Left
RZ2 Forward-Right
RZ3 Aft-Left
RZ4 Aft-Right

CD-03-82340

Figure 4. —Schematic of Load Cell locations.

figure 4. Forward and aft is relative to the direction of the airflow, and left and right is
referenced from an aft-looking-forward perspective.

Before the thrust stand itself is calibrated, each of the 16 load cells (8 calibration and 8
reaction load cells) are sent out for calibration at the calibration laboratory. The load cells
are calibrated against a standard that can be traced to a national standard. Each individual
load cell works by converting a displacement into an electrical voltage. The calibration
laboratory applies a known force on the load cell and plots a Force versus Voltage curve.
This curve should be linear within the working range of the load cell. Once the slope and
intercept from this plot are determined, these constants are entered into the data
acquisition program. During an experiment, the displacement of the thrust stand is
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measured as a voltage from the load cells, which in turn is converted to a force by the
data acquisition system.

A close-up of one of the vertical load cell pairs mounted on the thrust stand is shown in
figure 5. The metal fixtures on each end of the load cell are flexures. Their job is to
minimize the effect of off-axis forces on the load cell. Thus, ideally, an axial force
produced by the experimental model is measured only through the axial load cells and
should have little or no affect on the lateral and vertical load cells.

Figure 5.—Calibration/reaction load cell pair.

CALIBRATION PROCEDURE

The purpose of the thrust stand calibration is to determine the first-order interactions
between the load cells. For example, what effect does applying an axial force have on the
vertical load cells? When a 100 Ib. force in the x-direction is applied, one would expect
the sum of the axial load cells to read 100 lbs. But due to constraints from the other
attached load cells, this force may not be exactly 100 Ibs. In addition, a force may be
induced on the lateral and or vertical load cells. If the thrust stand is designed properly,
such interactions can be minimized, but are hard to eliminate completely. The purpose of
the calibration is to obtain a correction factor to account for these interactions. This
correction factor is expressed as a matrix and is referred to interchangeably as the
interaction matrix or the calibration matrix.
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The calibration of the thrust stand is performed by applying known forces and moments
and recording its effects on the reaction load cells. Forces are applied through the use of
the stepper motors mounted in-line with the calibration load cells. The calibration load
cells are used to determine the amount of force applied by the stepper motor. Forces and
moments are applied in the manner shown in Table III. The first column indicates the
type of load applied to the thrust stand. The second column indicates the calibration load
cells used to measure this applied load. For the applied moments, the load is applied on
one side of the thrust stand, then on the other side, as indicated by the "/". The third
column shows the range and increment of the applied loads. The range and increment
may be adjusted depending on the range of interest for upcoming test programs.

As an example, when applying the moment about the y-axis, or MY, the stepper motors in
line with CZ1 and CZ2 are activated to apply 0, -25, —50, —75, -100, —125, -100, —75,
—50, —25, and 0 1bs. each to the thrust stand. The load is then applied in the other
direction from 0 to 100 lbs. and back down to 0. At each point the readings indicated by
the 8 reaction load cells are recorded. Readings are taken on the way up and on the way
back down to determine the repeatability of the thrust stand. The same procedure is then
repeated for the stepper motors mounted in-line with CZ3 and CZ4.

Table II1: Calibration Loadings.

Applied Force or | Calibration Load Cell(s) used to | Range and Increment
Moment Measure Applied Load of Applied Load
7 CX1, CX2 0 to 3000, in. 250 1b
mncrements
0 to =500 and 0 to 500,
FY crl, cn2 in 100 Ib increments
FZ CZ1, CZ2, CZ3, CZ4 0 to—250 and 0 to 250,
in 50 1b increments
MX CZ1,CZ3/ C22, CZ4 0 to~250 and 0 to 250,
in 50 1b increments
MY CZ1,CZ2/ CZ3, CZ4 0to—250 and 0 to 250,
in 50 1b increments
0 to —500 and 0 to 500,
Mz CYl/Cr2 in 100 Ib increments

The applied calibration loads are split equally between the two load cells when the FX,
FY, MY, and MZ loads are applied. However, when the CZ1 and CZ3 (or CZ2 and CZ4)
load cells are loaded together, as in the case when applying the FZ and MX loads, care
must be taken in order to prevent an unwanted pitching moment. Due to the fact that the
forward vertical load cells (CX1 and CX2) have a different moment arm than the aft
vertical load cells (CX3 and CX4), the forces must be applied such that:

CZ1=CZ2, (1)
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CZ3=CZ4, (2)

and

L
CZ1=-1.CZ3, 3)

Py

where Lp =22.25 in. is the distance along the x-axis from the centroid to CZ1 and CX2,
and Lp2 = 22.0 in. is the distance along the x-axis from the centroid to CZ3 and CZ4.

THE FORCE AND MOMENT EQUATIONS

The basic equation used to calculate forces and moments is:
[F]=[S][R]. @

where [F'] is a 6x1 matrix containing the 3 forces and 3 moments to be measured, [R] is
the 8x1 matrix containing the 8 reaction load cell readings, and [S] is the interaction or
calibration matrix. During the calibration, known forces and moments, [F], are applied to
the thrust stand and the load cell readings, [R], are recorded from the data system. In
order to obtain [S], its inverse, [S]', must be determined from the following form of
equation (4):

[ST'[F1=[R] )

The problem with modeling the system using equations (4) and (5) is that [S] is a 6x8
matrix, and is therefore not invertible. In other words, because there are 8 reaction load
cells and only 6 components that need to be resolved, the system is indeterminate. The
way around this problem is to divide the system into two parts. (This technique was
developed by Roger Werner, 1991, NASA Glenn Research Center, OH, personal
communication.) The load cells are combined, as shown below, so that there are 5 load
cell readings and 5 components in each system. The two systems are represented below
as:

[Fix 1=[S][R] (6)

CEX ] [s, S, S5 Su S || RX1+RX2]
FY S21 S22 S23 S24 S25 RYl
FZ |=1s5 Sy 83 S S RY2 (7)
MX Sy Sy Se3 Say Sy || RZ1+RZ3
MZ Ss1 S5, Ss3 Ssy Sss || RZ2+RZ4 |
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[Fr ]=[UTI0] ®)

FX| [u, wu, wu, u, u,|RX1+RX2]
FY Uy Uy Uy Uy, Uys RY1

FZ | =\uy uy Uy Uy s RY?2 )
MY Uy Uy Uy Uy Uy || RZI+RZ2
MZ U, Us, Uy Usy Uss || RZ3+ RZ4

In equation (7), the vertical load cells are combined left (RZ1 + RZ3) and right (RZ2 +
RZ4) such that they produce a rolling moment, while in equation (9), the vertical load
cells are combined forward (RZ1 + RZ2) and aft (RZ3 + RZ4) such that they produce a
pitching moment. See figure 3 for the load cell locations.

In addition, the RX1 and RX2 terms are combined, while the RY1 and RY2 terms are kept
separate. This is due to the elastic hinge. Because of this elastic hinge, an offset axial
force would not produce a yawing moment; therefore, the terms can be combined. The
RY1 and RY?2 terms need to remain separate in order to resolve the yawing moment, MZ.

Both [Fyx] and [F)y] are usually calculated by the data acquisition program during an
experiment. But because nozzles usually provide pitch and/or yaw vectoring, the
components in [Fsy] are more relevant since it contains the equation for the pitching
moment. The calculation of [F)x] serves as a check on [F)y], and is also used to monitor
the test article for unexpected rolling moments.

THE INTERACTION MATRICES

In order to better illustrate the function of the interaction matrix, the X component as
represented in equation (7) is written out as follows:

FX =5, (RX14 RX2)+s,RY1+5,RY2+s,,(RZ1 + RZ3) +s,,(RZ2+ RZ4)  (10)

In this form, it is easier to see what each of the coefficients represents. For instance, the
coefficient 51, represents the weighting factor for the effect of the sum of the two axial
load cells, RX1 and RX2, on FX. The coefficient s, represents the weighting factor for
the effect of the RY1 load cell on F.X, and so on. Thus, for small interactions, one would
expect the coefficient 51, to be approximately one, and the other coefficients (s2, S13, S14,
and s,5) to be close to zero.

To get a better feel for the expected values of the coefficients in the interaction matrices
[S] and [U], assume for the moment that there are no interactions between the load cells.
If this were the case, it is expected that the axial force would be the sum of the two axial
load cells (RX1 + RX2), the lateral force would be the sum of the two lateral load cells
(RY1 + RY2), and the vertical force would be the sum of the four vertical load cells
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(RZ1 + RZ2 + RZ3 + RZ4). Similarly, the moments would be equal to the product of the

applied force and its corresponding moment arm (see figure 4 for the lengths of the

moment arms). For this ideal case, the following equations would be used to determine
the three forces and three moments:

These equations can be represented in the form of equations (7) and (9) as:

FX=RX1+RX?2

FY =RY1+RY2

FZ =RZ1+RZ2+RZ3+RZ4

MX =L, x(RZ1+ RZ3)+ L, x(RZ2 + RZ4)

MY = L, x(RZ1+ RZ2)+ L, x(RZ3+ RZ4)

FX
FY
FzZ

MZ

FY
4
MY

MZ

MX

C ey ]

Il
S O O O

MZ =L,xRY1+L,xRY2

S O O O

I~

~

h

~

S O = O

S O = O

S O = O

t~
~

S O = O

~
~

- O O

- O O

[RX1+RX2]
RY1
RY2

RZ1+ RZ3

| RZ2+ RZ4 |

[RX1+RX2]
RY1
RY?2

RZ1+ RZ2

| RZ3+ RZ4

(1D
(12)
(13)

(14)

(15)

(16)

(17)

(18)

Again, equations (17) and (18) represent the ideal case where there are no interactions
between the load cells. However, for small interactions, the coefficients for the [S] and

[U] matrices obtained from the calibration should be fairly close to the above values.

Thus the values in equations (17) and (18) can be used as a sanity check to determine if
the calibration and data reduction were done correctly.
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DERIVATION OF THE INTERACTION MATRIX COEFFICIENTS

The previous sections explained how the interaction matrices, [S] and [U], are used to
correct the forces and moments measured by the thrust stand. The following sections will
explain the method by which the coefficient terms in the interaction matrices are derived.

Equations (7) and (9), rewritten in the form of equation (5), are shown below:

[ST'[F1=[R] (19)

o, 0, O, 0, 0| FX] [RX1+RX2]
O-ZI 0-22 0-23 0-24 0-25 F Y RY 1
Oy Oy Oy Oy Oy || FZ | = RY2 (20)
O, Oy O Oy Oy ||MX RZ1+RZ3

05, Os5, Os Os, O ||MZ]| |RZ2+RZ4 |

[UT'[Fy1=10] 21)
Wy, My My s [ FX] [RXT+RX2]
My Moy My Moy Hos || FY RY1
My My My My s || FZ|= RY2 (22)

My My My Hag o Mg || MY RZ1+RZ2

Hsi  Msy My Msy Mss ||MZ| | RZ3+RZ4 |

Equations (20) and (22) are the basis for the calibration data reduction equations. The
idea here is to apply a single known force or moment, for example, X, record the
reaction load cell readings, RX1 + RX2, RY1, etc., and determine the individual
coefficients o and . Once the individual coefficients are determined, the [S]" and [U]
matrices are inverted to obtain the interaction matrices [S] and [U]. The next three
sections explain in detail how this is done. Examples are given for the axial force (FX),
the pitching moment (MY), and the yawing moment (MZ) calibrations.' The lateral force
(FY) and vertical force (FZ) calibrations are similar to the axial force calibration, and the
rolling moment (MX) calibration is similar to the pitching moment calibration.

" The term axial force calibration is used to indicate the loading of the axial calibration force. The axial
force is not “calibrated” until all the interaction coefficients are determined from all the different loadings.
Likewise for the terms lateral force calibration, pitching moment calibration, etc.
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THE EQUATIONS FOR THE FX CALIBRATION

For the axial force calibration, the stepper motors in line with the CX1 and CX2 load cells
are used to apply the loads shown previously in Table III. For this case, all the terms in
[Fux] are zero except for FX. Thus, equation (20) becomes:

0, o0, o, 0, 0sl|[FX] [RX1+RX2]
Oy Oy Oy Oy Oyl 0 RY1
O3 Oy Oy 0Oy Oy 0 |= RY2 (23)
O, Oy, Oy Oy Ok 0O RZ1+RZ3

05, 05, Oy 05, 05| 0| |[RZ2+RZ4 ]

From this, the first column of the inverse matrix can be determined. Writing out the
individual equations in the system, discarding the zero terms, and solving for o;,
equation (23) becomes:

_ RX1+RX2

o, FX = RX14 RX2 = oy = (24)
RY1
o, FX = RY1 = o=t 25)
RY?2
O-3IFX = RY2 = 631 = E (26)
o, FX = RZ1+ RZ3 = g, = RLTRZS (27)
FX
o, FX = RZ2+ RZ4 = o, =Re2tRz4 (28)
FX

Each of the o;; terms can be determined from the slope of the plot of the corresponding

load cell readings versus FX. For example, the coefficient o1, is the value of the slope of
the plot of RX1 + RX2 versus FX.

The coefficients g4, for the matrix [U]™" are found in a the same manner:

RX1+RX2

= (29)
RY1

Ha = (30)
RY2

o= (31)

NASA/TM—2003-212326 13



_ RZ1+RZ2

Hyy FX (32)
RZ3+ RZ4
Ha == (33)

Similarly, the FY and FZ calibrations will produce the coefficients o;, and o;; for [S]_l,
and the coefficients z4; and z43 for [U]_l.

THE EQUATIONS FOR THE MY CALIBRATION

The coefficients for the moment calibrations are determined in a similar fashion as the
pure force calibrations, except there is an extra term due to the fact that an offset vertical
force is used to produce the moment. For the MY calibration, the pitching moments are
applied through two separate loadings. Forces are first applied through the stepper motors
in line with the forward vertical load cells, CZ1 and CZ2. The procedure is then repeated
with the aft vertical load cells, CZ3 and CZ4. The coefficients are computed separately
for each loading, and then averaged in the final result. For both cases, the non-zero
components of [F)y] are FZ and MY. Therefore, equation (22) becomes:

My Moo My My s |0 [ RX1+RX2]

Moy Hyo Hyz  Hyy o Hos 0 RY1
My My Hyy My s || FZ | = RY2 (34)
Muy My Hay May Mys || MY RZ1+RZ2

Hsi HMsy HMsy My Mss ]| O | RZ3+ RZ4 |

Writing out each of the individual equations, discarding the zero terms, and solving for
Mia, equation (34) becomes:

s FZ + L FZ = RX1+ RX 2 -

Hyy =i£%—ﬂw] (35)
4, FZ + 1y, L FZ = RY1 N

sy = LL(I;—?— uB] (36)
U FZ + iy, L FZ = RY?2 N

s, = LL(RF—?—” (37)
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psFZ + pty, L FZ = RZ1+ RZ2 -

1 (RZ1+RZ2
ﬂ‘”:L_P(T_ 43j (38)
U FZ + g, L FZ = RZ3+RZ4 =
1 ( RZ3+RZ4
- | TEST e 39
Hsy LP( 7 /153] (39)

The w3 terms in the above equations are determined from the FZ calibration and the

RX1+ RX2 , R? , etc.) are determined from the slope of the plot of the

ratios (

corresponding load cell readings versus the applied force, FZ.

The o;4 terms are determined in a similar fashion through the MX calibration.

THE EQUATIONS FOR THE MZ CALIBRATION

For the MZ calibration, the yawing moments are applied through two separate loadings.
Forces are first applied through the stepper motor in line with the CY1 load cell. The
procedure is then repeated for the CY2 load cell. The coefficients are computed separately
for each loading, and then averaged in the final result. In this case, equation (20)
becomes:

o, o, 05 0, 05| 0 [RX1+RX2]

O, Oy Oy 0, Oyl FY RY1
O3 O3 033 Oz Oss 0 |= RY2 (40)
O, Oy Op Oy Okl O RZ1+ RZ3

05, 05, Oy O, Oss ||MZ| |RZ2+RZ4 |

Writing out each of the individual equations, discarding the zero terms, and solving for
o5, equation (40) becomes:

o,FY +0,L,FY = RX1+ RX?2 =

1 { RX1+RX2
Ois :_£ _le) (41)
L\ Fr
o, FY +0,.L FY = RY1 -
1 ( RY1
O)s :L_y£ Fy _0-22] (42)
0, FY +0,L,FY = RY2 -
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o, FY +0,L,FY = RZ1+ RZ3

o, FY +0,L,FY = RZ2+ RZ4

1 ( RZ1+RZ3
Ous =7 | v

L, FY
=
1(RZZ+RZ4
0-55 S
L, FY

Op j
- Uszj

The o;; terms in the above equations are determined from the FY calibration and the
RX1+RX2 RYI1

ratios (

FY

corresponding load cell readings verus the applied force, F'Y.

The 145 terms for the [U]™' matrix are found in a similar fashion.

SUMMARY OF THE INTERACTION COEFFICIENTS

Y etc.) are determined from the slope of the plot of the

A summary of all the equations used for determining the coefficients in the [S] " and

[U]™" matrices are shown in Tables IV and V. Once all the coefficients for the inverse
matrices are found, the matrices can be inverted to obtain the interaction matrices [S] and
[U]. A sample set of calibration data is listed in Appendix A.

Table IV: Coefficients o, for the [S]" Matrix

(43)

(44)

(45)

iN\J 1 2 3 4 5
A(RX1+RX2) A(RX1+RX2) A(RX1+RX2) 1 (A(RX1+RX2) L[A(RXHRXZ)—GIZJ
1 N L. Ly AFY
AFX AFY AFZ LR AFZ
) ARY1 ARY1 ARY1 L(ARYI_U j L(ARYI_U j
AFX AFY AFZ Lg \arz 7% Ly Uary 722
3 ARY?2 ARY2 ARY2 L(ARYZ_ j L(ARYZ_U j
AFX AFY AFZ Lg \arz 733 Ly Cary 7%
A(RZ1+RZ3) A(RZ1+RZ3) A(RZ1+RZ3) 1 (A(RZ1+RZ3) L[M_sz
4 Tl T Ap, 043 Ly AFY
AFX AFY AFZ Lp AFZ
A(RZ2+RZ4) A(RZ2+RZ4) A(RZ2+RZ4) 1 (A(RZ2+RZ4) L{M_gﬂj
5 T\ A, 953 Ly AFY
AFX AFY AFZ Lp AFZ
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Table V: Coefficients 1, for the [U]" Matrix

iNJ 1 2 3 4 5

1 A(RX1+RX2) A(RX1+RX 2) A(RX1+RX 2) L[A(RXHRXZ)_ j L(A(RXHRXZ)_ j
AFX AFY AFZ Lp AFZ H13 I\ ary M2

) ARY1 ARY1 ARY1 L(ARYI_ j L(ARYI_ J
AFX AFY AFZ Lp \arz 23 Ly Uary 422

3 ARY?2 ARY?2 ARY?2 1 (ARYZ_ j L(ARYZ_ J
AFX AFY AFZ Lp arz 33 Ly Uary 432

4 A(RZ1+RZ2) A(RZ1+RZ2) A(RZ1+RZ2) L[A(RZHRZZ) j L[A(RZHRZZ) J
AFX AFY AFZ L arz M) | U Ay T2

5 A(RZ3+RZ4) A(RZ3+RZ4) A(RZ3+RZ4) L(A(RZS+RZ4) J L(A(RZ3+RZ4) j
AFX AFY AFZ p arz ) | U Ay T2

CONCLUSION

This report documents the derivation of the interaction matrix for the six-component
thrust stand in the NASA Glenn Research Center’s CE-22 Advanced Nozzle Test
Facility. It is intended to give the reader a better understanding of the theory behind the
calibration and also insight into how the interaction coefficients are used during testing.
Although the equations derived in the paper are specific to the thrust stand in the CE-22
Test Facility, the theory and procedure can be applied to other similar thrust stands.
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APPENDIX A—SAMPLE DATA

Tables Al to A9 show the raw data acquired from a typical calibration. The first column
is the applied load, which is measured through the calibration load cells. The other
columns are the reaction load cell readings for that particular applied load. All the load
cell readings are in units of 1bs-force.

In order to reduce the data, each column of reaction load cell readings is plotted against
the applied load. The slope of each plot is determined and is shown in bold below each
column of reaction load cell readings. The slopes are then plugged into the appropriate
equations in Tables IV and V to obtain the [S]' and [U] ' matrices as shown in
equations (A1) and (A2), respectively. Finally, the matrices are inverted to obtain the
interaction matrices, [S] and [U], as shown in equations (A3) and (A4), respectively.

NOTE: The slopes can be determined without plotting the data by using the SLOPE
function from a spreadsheet application or by using some other curve fitting application.
However, it is recommended that the plots be made to verify that the relationships are
linear and that the load cell readings are repeatable. A non-linear relationship or non-
repeating load cell readings may indicate possible impingement or other problems with
the thrust stand.

When plotting the reaction load cell readings that are in-line with the applied load (i.e.,

RX1 + RX2 versus FX), it may be easier to spot any non-linearity by plotting the

. FX FY r
differences ( RX1 5 and RX2— > versus FX). For the FY calibration data

FY FY
(Table A2), plot RYI_T and RY2_7 versus Y, etc.
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